The optical emission from plumes induced by ArF laser irradiation of GeO, was characterized as a function of laser fluence, distance from the target surface, and ambient 02 pressure. Dispersion of the light emitted by the plume in a vacuum revealud emission from both neutral and singly ionized LO Ge atoms as well as neutral 0 atoms. The spatial variation showed that the ion concentration decreased exponentially from the target surface while the neutral atom number density reached peak--_ * intensities at distances of -1.5-2.5 cm from the target surface. Interactions between the plume constituents and the ambient molecular oxygen increased the excited Ge atom and Ge ion populations in the plume and, most notably, significantly enlarged the excited 0 atom concentration • over that produced directly from the ablation process.
I. INTRODUCTION
distances comparable to typical target-substrate separations (-4-8 cm) should provide information on the dynamics of Pulsed laser ablation has become a very successful the laser ablated material immediately prior to collisions method for depositing high-quality thin films and modifying with a substrate surface. These studies are particularly imsurfaces. The congruent removal of material from a target portant when reactive gases are required for stoichiometric and the relatively high kinetic energies of the plume constitufilm growth since the presence of this ambient gas can affect ents are important characteristics of this method that can inboth the nature and the energy of the material impinging on fluence thin-film growth processes.' Although much is the film growth surface. Reactive gases are commonly used known about the properties of films deposited under typical to maintain the oxygen content in films produced in ablation laser ablation conditions, knowledge is generally lacking in experiments that employ oxidized targets such as YBaCuO. 4 understanding the dynamics of laser generated plumes and The formation of metal-oxide diatomic molecules has been the kinetics that govern thin film growth by this method. The directly correlated with improved film stoichiometry and, in collection, analysis, and interpretation of spectroscopic data general, better film quality, 5 and the distant separation beobtained from plumes created above a surface irradiated by tween the target and the substrate allows for potentially more an intense laser pulse details the plume composition, the engas-phase reactive encounters which can produce these speergy content of the ablation products, and the dynamics of cies. Several optical emission studies have been performed to the plume species which can subsequently lead to an imunderstand the ablation of high T, superconducting materials proved understanding of the laser ablation phenomenon. In that ultimately result in the transfer of material onto a principle, the evolution of the plume can be theoretically substrate. 4 -8 Although the bulk of both the temporal and predicted with an understanding of the initiation mechanisms time-integrated optical emission studies have been devoted and kinetic processes (electron temperature, electron density, to high T, superconducting materials, optical emission specionization state, etc.).
troscopy has also been performed on other laser ablated maThe spatial and temporal evolution of transient species terials such as carbon, 9 dielectrics,""' metals such as Al, 2 " 3 i12
produced during the laser-target interaction, such as excited and various polymers.13 atoms, ions, and molecules, can be monitored as a function Recently, stoichiometric GeO 2 films have been fabriof the irradiation conditions, ambient gas pressure and comcated on ambient temperature substrates by ablating GeO 2 position, and the axial/radial distance from the target surface targets in 150 mTorr of 0214 The high 02 pressures required by investigating the optical emission produced in the plumes.
to form stoichiometric films suggested that gas phase reacMany of these spectroscopic studies have been performed tions, in addition to the presence of energetic atomic species, near the target surface where interesting plasma dynamics may be important for incorporating stoichiometric quantities can be explored. Recently, Mehlman et aL.
2 3 reported results of oxygen in the film. Thus the purpose of this work was to of a study in the vacuum ultraviolet to ultraviolet regions at study the dynamics of material ablated from a GeO 2 target in distances less than 1 cm from the target surface aimed at the presence of molecular oxygen to correlate the ablation obtaining insight into the early stages of the laser-target and process and the plume composition with the formation of laser-plasma interaction. In contrast, probing the plume at stoichiometric thin films. The light emitted by a plume after Figure I shows the experimental arrangement with the The material removal rate was subsequently plotted as depth/ ablation chamber and the data collection system. The experipulse versus laser fluence. ments were performed in a vacuum chamber that typically achieved a base pressure of 2X 10-h Torr with a turbomolecular pump. An ArF laser [\= 193 nm; 28 ns full width at Ill. RESULTS half maximum (FWHM)] was focused at normal incidence onto the surface of a GeO2 target to generate the plume. The laser fluence was varied between 0.5-6.5 J cm-2 during the Germanium dioxide targets were irradiated at energy experiments by adjusting the combination of the laser energy densities between 0.5 and 7.0 J cm-2. Well defined craters and the spot size on the target surface. All data were colwith 10-15 /.im hole depths were produced on the target lected with laser repetition rates --1 Hz. The experiments surface using 50-80 laser pulses at fluences F above 2 were performed both in vacuum (2x 10-6 Torr) and 02 pres-J cm-2 . At fluences between 1-2 j cm-2, 75-100 laser sures ranging from Toff to 200 mTorr which spanned pulses were required to achieve measurable crater depths. the pressure range used in previous GeO, thin-film growth
The irradiated areas at F<1I Jcm-2 formed very shallow studies.1 4 craters and they appeared to be heat damaged on the surface The target was mounted on an adjustable shaft which as opposed to other irradiated sites produced with higher allowed translation perpendicular to the target surface. The laser fluences which clearly showed crater formation. The optical emission was sampled at several locations from the difficulty in measuring the area of these indentations over front surface of the target, z, by moving the target away from large laser spot sizes introduced large relative errors in the the "0" position while simultaneously adjusting the laser mass removal rates at F-_ I J cm-2 . Figure 2 shows the refocusing lens to keep the laser fluence constant. Distances suits plotted as crater depth in um per laser pulse versus from 0.2 to 5 cm were covered in these studies. The "0" laser fluence. The data in Fig. 2 were fit to a phenomological position was determined empirically by translating the target expression for the ablated depth as a function of fluence deuntil the collected intensity lost features associated with disscribed in Eq. (1): crete or continuum emission.
The interaction of laser radiation with the target pro- The ablation threshold determined using the above pro-0 , cedure was corroborated by examining the optical emission Table  t . Although the intensities have arbitrary units, the relative magnitudes are
Time-integrated emission spectra of a plume generated preserved in the plots in order to compare line intensities at different locaby irradiating a GeO, target with a laser fluence of 6.5 tions. J cm-2 at a base pressure of 4X 10-6 Torr are shown in Fig.  3 . The transitions associated with each spectral feature in this these plumes. The emissions from Ge II were comprised of figure are listed in Table 1 . This figure illustrates the dramatic the following transitions: 5s 2 S-5p 2 PO, 5p 2 p' 1 -6s 2 S, change in the plasma emission as the collection position is 5p 2pO -5d 2 D, and 4d 2 D-4f 2 F4). Higher-energy transitions changed from the target surface to 5 cm away. At z =0.2 cm, associated with Ge it could not be observed due to the dethe emission consisted of features associated with both Ge I tection limits imposed by the spectrometer and the diode and Ge II atoms superimposed onto a continuum background.
array. Examination of the spectrum at long wavelengths also The ion lines appeared very broad and had intensities comparable to the neutral line intensities. The continuum background significantly decreased and the Ge I emission lines TABLE I. Details of the atomic transitions' associated with the emission became much narrower 1 cm away from the target surface. The Ge II features were ;educed in intensity relative to the neutral lines and remained broad. At 3 cm from the "0" The discrete emission lines observed in this study prima- local equilibrium was maintained among the energy levels regardless of the laser fluence.
WAVELENGTH (nm)
The presence of an ambient gas dramatically affected the plasma characteristics. Figure 5 summarizes the general trend in the relative emission intensities versus 02 pressure. The neutral line intensities in this figure were recorded at j cm 2, (h) 1.0 J cm -, and (c) 6.5 J cm 2 . The spectra were obtained in z=3 cm while the ion data were obtained at z=1 cm and vacuum at z cm.
both data sets were produced with a laser fluence of 6.5
J cm-2 . The intensities of both Ge 1 and Ge I1 lines, which were proportional to the excited state number densities of the revealed emissions originating from electronically excited, respective species, remained relatively constant over four orneutral atomic oxygen (0*1). (Note: the * symbol will be ders of magnitude change in 02 pressure. The neutral emisused to specifically designate electronically excited states.) sion intensities increased by a factor of 10 between 10 and Molecular emission from GeO was not detected under any of 100 mTorr, and subsequently approached a constant value the conditions utilized in these experiments, above 100 mTorr of added 02. Clearly, the higher oxygen The main spectral features of the plume remained the pressures caused a considerable enhancement in the neutral same over the range of fluences utilized in this work. That is, populations. The ion emission behavior was different at 02 the nature of the emitting states from the neutral species and pressures above 10 mTorr: the ion state intensity monotoniions with the same degree of ionization did not change with cally increased but showed no indication of leveling or dedistance from the target surface regardless of laser fluence.
creasing at the highest pressures used in these studies. The However, the intensities of the atomic lines were sensitive to intensities recorded at 120 mTorr were a factor of 10 greater the laser fluence as illustrated in Fig. 4 . No discrete ion emisthan those obtained at the lowest pressures. Similar trends sion features were observed at F< I J cm-2 regardless of the were observed for data recorded with a laser fluence of 1 position from the target surface or the pressure of the ambi-J cm-2 for both Ge I and Ge II. ent gas. However, neutral emission did appear at laser flu-
The dynamics of laser produced plumes are partially f ces as low as 0.5 J cm-2 but the emission was extremely governed by the backing pressure of an ambient gas.
*4 In
"eak at z-0.5 cm. Since no ion state emission was observed vacuum, 2 1 the plume is allowed to expand freely in a I these laser fluences, the electronically excited neutrals forward-directed pattern with a (cos O)' functional depenwere presumably dissociated directly from the target surface dence, where n typically ranges from 10 to 40. However, the and these states were probably not formed via ion recombipropagation of the plume is modified even at moderate backnation reactions. Continuum emission, which has been freing pressures resulting in a narrowing of the plume and a quently observed in laser generated plumes near the target subsequent increase in n to a value as high as 200. In this surface, was conspicuously absent during ablation in vacuum study, the addition of 100-150 mTorr of 02 forced the plume at F_ I Jcm -2. As the fluence increased from 0.5 to 1.0 to appear constricted and more spatially confined than in J cm-2 , the neutral line intensities increased by a factor of 15 vacuum. This effect could cause the number of emitters per while a much slower increase (factor of 2) was observed unit volume to increase within the observation region resultbetween 1.0 and 6.5 J cm-2 for both the Ge I and Ge 11 eriniing in an apparent increase in the emission intensities at sion lines. Although the intensities of the individual atomic higher 02 pressures. This mechanism, which could account data have been normalized to the intensity measured at z=0I.2 cm. J cm 2 has been utilized to obtain these data. All other neutral and ion emission features follow the trends depicted in this figure. for the trends displayed in Fig. 5 , was tested by simulating a able signals as far out as z=3 cm. Exponential density prochange in the pressure gradient in the plume by using differfiles have been used in gas dynamic simulations in the ent laser spot sizes at a constant fluence. A tight laser focus adiabatic expansion region of a plasma, 22 and these results causes a high-pressure gradient across the plume which may support this picture of a nonthermal plume expansion. forces a stronger expansion than a softer focus at the same The laser fluences affect the intensity distribution only to a fluence. Thus, focusing the laser spot more softly should prominor extent; the brightest regions of the plume appear in the duce a similar effect as that created by increasing the backsame location and to the same extent. ground gas; namely, the shorter extent of the expansion The trends observed for atomic oxygen are contrary to should keep more emitting atoms confined to a smaller volthose observed with Ge. Figure 7 (a) shows the evolution of ume. Under these conditions, the experiments showed that the 844.6 nm emission line from atomic oxygen. In the 02 the ratios of spectral line intensities for the soft focus to the pressure range 0 mTorr<•P(0 2 )--l mTorr, the 0 I emission tight focus increased by 10%-30%. Spatial confinement rapidly decreased to negligible values at -3 cm from the could partially account for the pressure-dependent intensitarget surface. The 0 1 emission observed under these condities, but other processes uncovered after examining the betions was clearly a product of electronic excitation of atomic havior of the oxygen atom line intensities versus 02 pressure oxygen due to the ablation process because, at these presmay dominate as discussed below.
sures, the relatively low collision frequency prohibited any Figure 6 shows relative axial intensity distributions at significant interaction between the oxygen added to the successive distances from the target surface at two pressures. chamber and the plume material. At higher pressures, hoIn Fig. 6(a) , the Ge line intensities recorded in vacuum ever, the 0 emission intensity displayed a small decreaW reached their maximum values 1.5-2.0 cm from the target but attained a constant value in the region 1.5 cm--z-<3 cm. surface and the position of the maximum intensity shifted to
The 0*1 populations subsequently decayed at z>3 cm and 2.5-3.0 cm at an 02 pressure of 200 mTorr. Although the finally became undetectable near z=5 cm. The behavior of data were recorded only at z<_5 cm, the emission was obthe emissions at higher pressures could be caused by an inservable to at least 7 cm from the target surface at all prescreased residence time in the observation region as discussed sures. The ion emission, however, had a peak intensity near previously. However, the 40 ns radiative lifetime of this tranthe target surface and exponentially decayed over distance as sition ( 3 S 0 -3 p) limited the travel distance to --1 mm before illustrated in Fig. 6(b) . In vacuum, the ion emission was decaying, assuming a typical velocity of 10 6 cm s-1 found in recorded out to -0.5-1 0 cm frm the target surface, whewt laser generated plumes. The high-pressure results demonthe signal levels fell below the detection limits of the experistrated that additional 0*1 production mechanisms must exist ment, whereas increases in the 02 pressure resulted in detectto account for the observed behavior.
In order to better understand the intensity behavior deneutrals. The number density of these species has a complex scribed in Fig. 7(a) , the 0 1 emission was monitored as a evolution and they depend on the irradiation conditiens, the function of N, pressure to check whether or not additional collisional kinetics in the plume, and the distance from the excited oxygen atoms were being produced in reactions betarget surface. The most important result of this study is the tween the plume material and the ambient molecular oxygen.
pronounced effect on the plume's luminescence and, thus, Figure 7 (b) shows that the relative 0*1 number density rethe number densities of individual species, caused by the mained constant at a fixed location from the target as the N, presence of molecular oxygen. At 0, pressures below i0 pressure increased from 0 to 150 mTorr. However, the 0 I mTorr. both Ge*ll and 0*1 decay exponentially from the taremission decreased exponentially with distance with the get surface. In addition, the Ge emission peaks when the same functional dependence at each pressure. Thus, the presGe*li and 0*1 concentrations reach their minimum values ence of 0, acted as a source of additional atomic oxygen and near z = 2 cm. These results imply the existence of a neutralthis trend also revealed that the 0*1 dependence on the 0, ion conversion mechanism to explain the delayed peaking of pressure was not a residence time effect.
the Ge i emission intensity. At these low pressures, the equilibrium mean-free path (MFP) between 0, and Ge is >I cm IV. DISCUSSION so collisional interactions between these species or other
The ablation of GeO 2 glass can be partially explained by plume constituents with the ambient could be eliminated.
considering the optical and thermal properties of the irradiTherefore, electron-ion or electron-atom interactions within ated material. The removal of material from a target by laser the plume may explain the increase in the Ge*l number denirradiation depends on the coupling efficiency of the laser sity at the expense of the ions and atomic oxygen.
beam energy to the target. The absorption coefficient, a of Both the neutral and ion state concentrations begin to GeO, at 6.4 eV (193 nm) is 2X 105 cm -' which corresponds increase near 20-30 mTorr of added 02. This threshold also to an absorption depth of -5(1 nm."4 For "congruent evapocoincides with an increase in the 0 I emission. At these presration," the heat diffusion distance 8 must be smaller than sures, the MFP is typically 1-2 mm; thus, the increase in the the absorption depth. We can estimate the heat diffusion neutral atom concentrations appear to be linked with higher depth using typical values for the thermal conductivity ] is caltarget surface where electron densities are higher which posculated to be -170 inm, where D=K/pCp and p=3.68 sibly promote e-atom ionization processes to account for g cm for GeO, glass. 2 5 Thus, the energy absorbed during the increase in the ion state populations.
the laser irradiation time is confined to a surface layer correThe ablation of GeO, at high ambient pressures sponding to the thermal diffusion length.
[P(O,)>10 mTorr] not only produces 0*1 directly as a result When energy densities above the vaporization threshold of the ablation process, but also increases the excited 0 atom are applied to the target, the laser energy is not only absorbed concentration through plume-0 2 interactions. The magnitude in a surface layer of =50 nm but intense local heating also of the cross sections for e--O, collisions resulting in the occurs within a distance of 170 nm which can lead to addidissociation of 0, into various excited atomic products range tional material vaporization. In these experiments, the laser from 2.2×X0-1 7 to 6.6X10-1 7 cm 2 for electron energies ablation threshold was near 0.46 J cm 2 based on the results ranging between 13.5 and 33.5 eV. 2 7 These values translate of both the optical emission studies and crater formation on into relatively efficient collisional dissociation if the electron the target surface. The surface temperature on the target is kinetic energies are in the appropriate range. The ablation of estimated at this fluence using a simplified approximation to targets containing Ge is known to produce atomic species the heat diffusion equation in one dimension described by with average kinetic energies of 40-100 eV.
-

5
. 2 The accomReady 26 given in Eq. (2). panying electrons are expected to have higher kinetic ener-
12
(2 gies than the atomic species which makes 0, dissociation by
electron impact highly probable. where c1 1 ,=(cF/r) (I-R), P is the laser flux, and R is the
The maximum emission intensity is determined by the reflectivity (R-0.12-0.13 for GeO 2 at 6.4 eV).i9 Using the collisional excitation mechanisms and the radiative lifetimes thermodynamic values defined above, the upper limit to the at the higher ambient gas pressures. Collisional interactions surface temperature at the end of the laser pulse for a fluence between the plume and the ambient 02 clearly increase the of (0.46 J cm-2 is -700(0 K. This value is greater than the concentrations of excited Ge I and Ge it over those observed liquid transition temperature (Tniq 2 62 5 K) for GeO 2 , so at the low ambient pressures. In addition to e --atom colliremoval of material from the target should occur within the sions which can produce more ions in the plume, excited 0 thermal diffusion length. By scaling T(z=0,r) with 0F, Eq. atoms can interact with Ge atoms to produce electronically (2) suggests that ablation threshold may be lower than 0.46 excited Ge. The presence of an 0*1 creation process, there-J cm-2. In order to achieve the liquid transition temperature fore, makes this event more probable. The excited species of GeO2, Eq. (2) predicts that the laser must deposit an enare also observed farther from the target surface at high presergy density of 2.00 mJ cm-2.
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